Many investigations of aromatic catabolism have been conducted with the Pseudomonas putida biotype strain (ATCC 12633) and have allowed elucidation of the central reactions of the ␤-ketoadipate pathway (34) . In this metabolic system, three reactions are associated uniquely with catechol metabolism ( Fig. 1 ): catechol 1,2-dioxygenase (EC 1.13.1.1) (encoded by catA), muconate cycloisomerase (EC 5.5.1.1) (encoded by catB), and muconolactone isomerase (EC 5.3.3.4) (encoded by catC). The P. putida catB and catC nucleotide sequences are of particular interest because they encode proteins for which crystal structures have been determined (14, 17) . CatC is unusual in that it contains only 97 amino acids in its primary structure, and the five active sites of the enzyme are formed between pairs of protein subunits within a decameric array (17) . The three-dimensional structure of CatB (muconate cycloisomerase) proved to be similar to that of MdlA (mandelate racemase), and comparison of the primary structures of these proteins revealed their common ancestry (28) . This finding provided a significant insight into the gene pools that were called upon in metabolic evolution because CatB and MdlA catalyze different reactions in the same metabolic pathway (37) .
The P. putida cat genes are expressed in response to the metabolite inducer muconate (32) (Fig. 1 ). Transductional analysis of spontaneous mutants, obtained from the P. putida biotype strain derivative PRS2000, showed a clustering of genes in the order catR, catB, catC and indicated that catR is required for expression of catB and catC (54, 56) . Physiological studies suggested that catBC forms an operon resisting catabolite repression more than catA (32) . The location of catA in P. putida PRS2000 was not determined, but several kilobase pairs DNA are known to lie between the independently transcribed catA and catBC regions of chromosomes from the bacterial species Pseudomonas aeruginosa (20) and Acinetobacter calcoaceticus (29) .
Evidence that would allow for further understanding of biological properties associated with the P. putida catR,BC region demanded cloning of the genes. The most direct approach was to select for broad-host-range plasmids carrying a wildtype P. putida PRS1 DNA insert that complemented catR,BC mutations in the host strain. These efforts, however, were hampered by genetic events that transferred catR,BC DNA from donor plasmids into the chromosome, leaving recombinant strains maintaining plasmids in which DNA inserts were no longer detectable. Success was achieved in cloning DNA carrying catR,BC (1, 2) from another fluorescent pseudomonad, strain RB1 (57) . Comparison of Pseudomonas strain RB1 cat nucleotide sequences with those of analogous clc genes revealed their common ancestry (10) . The clc genes are plasmid encoded and are responsible for dissimilation of chloroaromatic compounds (10, 11) .
Divergence of the cat regions within P. putida from the corresponding genes in Pseudomonas strain RB1 was indicated by the finding that cat genes from the latter organism were stably maintained on broad-host-range plasmids after their introduction into mutants derived from the P. putida biotype strain (1, 2) . To ascertain the extent to which cat genes from the P. putida biotype strain and from the Pseudomonas strain RB1 differ in nucleotide sequence, it was necessary to clone the cat region from the biotype strain. As described here, this was achieved by introduction of Tn5 into the cat genes. P. putida genes that had been inactivated by Tn5 insertion were cloned in Escherichia coli and subsequently used as probes to identify other clones carrying unaltered, wild-type cat DNA. Characterization of the Tn5 mutant strains of P. putida fortifies the earlier conclusion that catR functions as a transcriptional activator. In addition, examination of the cloned DNA reveals an unpredicted gene organization: catA, which is subject to transcriptional controls independent of those exerted over catBC, lies directly downstream from catC. Nucleotide sequence comparisons reveal regions in which divergence of the cat genes appears to have been abrupt.
MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains and plasmids used in this study are listed in Table 1 . All of the P. putida strains were derived from the P. putida biotype strain PRS1 through its derivative strain PRS2000 (33) . Plasmid pRKTV14 and its host E. coli Neco100 were gifts from N. Panopoulos (58) .
Media and growth conditions. E. coli and P. putida cultures were grown aerobically with constant shaking at 37 and 30ЊC, respectively, in either L broth (27) or defined mineral medium (34) . Unless specified otherwise, aromatic compounds and other organic growth substrates were supplied at concentrations of 5 and 10 mM, respectively. When required for selection, kanamycin was added to a final concentration of 100 g/ml for P. putida and 50 g/ml for E. coli strains; ampicillin was used at a final concentration of 50 g/ml. For enzyme analysis, P.
FIG. 1.
Enzymatic reactions associated with the cat structural genes (represented by heavy arrows) in the metabolism of catechol. In P. putida, expression of the genes is elicited by the metabolite cis,cis-muconate (boxed) under control of the transcriptional activator catR. Metabolism of catechol converges with the pathway for utilization of protocatechuate by enzymes (encoded by the pca structural genes). Primary growth substrates used in this investigation include benzoate, which is metabolized via catechol, and p-hydroxybenzoate, which is metabolized via protocatechuate. CoA, coenzyme A. putida strains were grown to late exponential phase in 200-ml cultures; E. coli strains were grown overnight in 50 ml of L broth, diluted fourfold with L broth, and incubated for 4 to 8 h with isopropyl-␤-D-thiogalactopyranoside (IPTG) added to a final concentration of 0.1 mM. DNA preparations were obtained from cells grown in L broth. Mobilization of pKT230 and its derivatives into P. putida was undertaken as previously described (44) . For overexpression of CatR, 500-ml cultures of E. coli BL21/IDE3(pGHR1) were grown overnight in L broth (fortified with 50 g of kanamycin per ml) and diluted 30-fold with L broth containing 0.1 mM IPTG.
Isolation of Tn5 insertion mutants. Following overnight growth in L broth, 0.1 ml of E. coli Neco100 (harboring the suicide plasmid pRKTV14 bearing Tn5) (58) was mixed with 0.1 ml of P. putida PRS2000 on L-broth agar and grown overnight at 30ЊC. The resulting cells were suspended in 5 ml of basal medium and plated onto selective medium containing kanamycin, 0.5 mM succinate, and 5 mM benzoate so as to give approximately 100 colonies per plate. Following 3 days of incubation, small kanamycin-resistant (Km r ) colonies were examined for the ability to grow with p-hydroxybenzoate but not with benzoate. Mutants with this phenotype were further analyzed for evidence indicating insertion of Tn5 within cat genes.
Purification and in vitro manipulation of DNA. Chromosomal DNA was isolated by the procedure of Berns and Thomas (5). Plasmid DNA was prepared by the clear lysate procedure (3) and, when necessary, was further purified over a cesium chloride-ethidium bromide gradient. Restriction endonuclease digestion and ligation of DNA were performed according to the manufacturer's specifications. Cloning of digested chromosomal DNA into E. coli expression vector pUC18 or pUC19 (53) and M13 phage DNA (26) was accomplished by using 10 g of chromosomal DNA and 1 g of plasmid or phage DNA. Vector DNA was digested and dephosphorylated according to published procedures (41) . Transformation of E. coli was achieved by using either calcium chloridetreated cells (41) or cells prepared by the method of Hanahan (15) . Inactivation of the lacZ-complementing gene by insertion of recombinant DNA in pUC or PCR1000 plasmids was detected by the failure of recombinant colonies to yield blue color on plates containing 0.1 mM IPTG and 2% (wt/vol) 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) in L-broth agar.
Measurement of enzyme activity. Cells were harvested by centrifugation at 10,000 ϫ g for 5 min and resuspended in a 0.005 volume of 50 mM Tris-HCl (pH 7.5)-10% (vol/vol) glycerol-5 mM (NH 4 ) 2 SO 4 -5 mM MgCl 2 -1 mM EDTA-1 mM dithiothreitol. Cell extracts were prepared by 15-s bursts of sonication with a Branson Electronics Sonifier, and cell debris was removed by centrifugation at 17,500 ϫ g for 30 min. All manipulations were carried out at 4ЊC. The specific activities of enzymes were determined by established procedures (24, 30) and are expressed as percentages of those found in cells in which the enzymes had been fully induced by growth with 10 mM glucose in the presence of 30 mM adipate, a gratuitous inducer of cat gene expression in P. putida (35) .
Chemicals and reagents. All restriction enzymes used in this study were obtained from commercial sources, as were the chemicals and enzymes used in the manipulation of DNA. cis,cis-Muconate and muconolactone were gifts from the Celgene Corporation. All other chemicals were of reagent grade or of the highest-quality grade available.
Primer extensions. A modification of previously described procedures (55) was used to characterize cat transcriptional initiation sites in total RNA isolated from P. putida PRS2000 grown under conditions that either did or did not induce expression of the cat genes. The purified RNA was pretreated for 11 min at 37ЊC in a 200-l reaction mixture containing 9 mM Na 2 HPO 4 , 1 mM NaH 2 PO 4 , 200 mM NaCl, and 1 M formaldehyde. The reaction mixture was precipitated with 2 volumes of ethanol, centrifuged at 10,000 ϫ g for 20 min, washed with 70% ethanol, dried under vacuum, and redissolved in distilled deionized water. Synthetic oligonucleotides, with sequences chosen to yield quantifiable reverse transcription products from the major transcripts within the catR,BC,A gene cluster, were radiolabeled by using [␥-32 P]ATP (Amersham) and T4 polynucleotide kinase (Boehringer) according to the manufacturers' specifications. The newly labeled primers were partially purified from unincorporated radiolabeled nucleotides by passage through G-25 micro-select spin columns (5Ј33Ј Inc.) and then used to prime the reverse transcription of the cellular RNA according to previously described methods (22) . The synthetic oligonucleotide primers were 5ЈTCTGCCGGCTCAGGGCGGTTGGGCAATGTGC3Ј (for catR) and 5ЈGC CTCACCGATACCTTCCACGCCATCGCTGC3Ј (for catB).
Overexpression and partial purification of the catR regulatory gene. PCR technology was used to clone catR behind a T7 promoter (48) within PCR1000 (Invitrogen) ( Table 1 ). The designed primers encompass nucleotide sequences flanking catR at its respective 5Ј and 3Ј ends. Noninvasive base substitutions (underlined in the following primer nucleotide sequences) were introduced into the synthetic DNA in order to minimize possible effects that CatR might exert on its own expression by binding to DNA upstream of its gene. Furthermore, the base substitutions (shown in boldface within the primer DNA sequences) incorporated restriction sites that facilitated the introduction of the PCR-amplified catR gene into plasmid pCR1000 in order to form pGHR1 ( Table 1) . The chemically synthesized primers were 5ЈTTTAAGCTTGGAGGTCTGATGGA GCTG3Ј and 5ЈGGGAATTCGGTTTTACTCACACGATCTG3Ј. Positions corresponding to the primers are indicated in the nucleotide sequence of the catR,BC,A sequence shown in Fig. 3 . After expression of catR was elicited by growth of E. coli BL21/1DE3(pGHR1) in the presence of IPTG, cells were concentrated through a Millipore cell concentrator at 25 lb/in 2 and subsequently centrifuged for 10 min at 7,000 ϫ g. The pellets were resuspended to a volume of 20 ml with storage buffer (50 mM Tris-HCl [pH 7.5], 0.5 mM EDTA, 1 mM dithiothreitol, 5% [vol/vol] glycerol). The cells were broken at 20,000 lb/in 2 in a French pressure cell (Amicon), and the resulting extract was centrifuged at 40,000 ϫ g for 30 min. The supernatant was clarified by further centrifugation at 100,000 ϫ g for 60 min and stored in 1-ml samples at Ϫ70ЊC.
DNA mobility shift assays. Mobility shift assays were used to assess the specific binding of CatR to DNA fragments containing either the catR-catB promoter region or catC. Using a previously described protocol (22), we used PCR to amplify both fragments from cloned chromosomal DNA from P. putida PRS2000. A 286-bp fragment encompassing the catR-B intergenic region was amplified with the following primers: 5ЈGGGGAATTCCGGGTGAAGTTCAG GGTCTC3Ј and 5ЈTTTGGATCCTGCATTGCCAGCTTGTGCG3Ј (see Fig. 3 ). Marked in boldface in these sequences are EcoRI and BamHI sites included in the primer sequences to facilitate cloning of the fragment for further manipulation. The primers used to amplify a 411-bp fragment encompassing the catC gene were 5ЈGGCCTGACCCTGGACGAACAG3Ј and 5ЈCACGGTCATCGG GCGTACCTC3Ј (see Fig. 3 ). Fragments of the predicted sizes were yielded by each PCR amplification. Each fragment was radiolabeled according to the manufacturer's specifications, using [␣- 32 P]dATP and a random priming technique (9) . Unincorporated nucleotides were removed by passage of the reaction mix through G-50 micro-select spin columns (Boehringer). The purified PCR fragments were used for mobility shift assays according to a modification of a published procedure (12) . The reaction mixes contained, in 20 l, 1 g of poly(dI-dC) (Pharmacia), 10,000 cpm of probe DNA, and 2 l of 10ϫ binding buffer (containing 500 mM Tris-HCl [pH 7.5], 50% [vol/vol] glycerol, 0.5 mM EDTA, and 10 mM dithiothreitol). The mixture of protein and DNA was allowed to equilibrate for 30 min at 30ЊC prior to being loaded onto a prerun 5% TBE (45 mM Tris-borate, 1 mM EDTA [pH 7.6]) polyacrylamide gel that was then run at 25 mA. After an appropriate time interval, the gel was dried and an autoradiograph of the gel was prepared.
Nucleotide sequence analysis. DNA sequences were determined by a modification of the dideoxy-chain termination method (42), using enzymes and reagents supplied by United States Biochemical Corporation (Cleveland, Ohio), excepting 35 S-dATP, which was purchased from Amersham, Inc. (Arlington, Ill.). The sequence of the entire catR,BC,A region (along with the localization of Tn5 insertion within inactivated genes) was determined on both strands, using a range of double-stranded plasmid and single-stranded M13 phage subclones. Owing to the relatively high GϩC content of Pseudomonas DNA, each region of DNA was sequenced in stretches of less than 300 bases, and these sequences were confirmed by additional sequence analysis using deaza-dGTP from United States Biochemical. When convenient sites for restriction were not readily available, oligonucleotide primers, typically 18 to 23 bp in length, were synthesized. These primers were used with either plasmid or phage templates. Interpretation of nucleotide sequence was assisted by the MacVector computer analysis program, version 4.1, from International Biotechnologies (New Haven, Conn.).
Nucleotide sequence accession number. The sequence containing the catR, BC,A region from P. putida PRS2000 is available in GenBank under accession number U12557.
RESULTS
Isolation of Tn5 mutants of PRS2000. Mutagenesis of strain PRS2000 with Tn5 yielded mutant strains that exhibited resistance to kanamycin, inability to grow with benzoate, and ability to grow at the expense of p-hydroxybenzoate. Three isolates, PRS3002, PRS3003, and PRS3026, were chosen for further study (Table 1 ). Southern blotting of restriction digests (with the internal 2.7-kbp BglII fragment of Tn5 as a probe) confirmed that each of these mutant strains had acquired a single copy of Tn5.
Exposure of wild-type P. putida cells to adipate resulted in full expression of catB, catC, and catA ( Table 2 ). The mutation in strain PRS3002 prevented expression of catC; the mutation in strain PRS3003 prevented expression of catB and catC (Table 2). Strain PRS3026 exhibited the phenotype of a catR mutant (54) by failing to express any of the cat structural genes at induced levels ( Table 2) . Subsequent nucleotide sequence analysis revealed the location of Tn5 within catR in PRS3026, within catB in PRS3003, and within catC in PRS3002 ( Fig. 2  and 3 ). As the gene order catBC,A was elucidated, it became apparent that catB103::Tn5 exerts a polar effect preventing transcription of the directly downstream catC. Expression of catA, which lies directly downstream from catC, is unimpeded by the polar mutation (Table 2 ). This evidence suggests that an additional promoter contributes to transcription of catA.
Cloning of catB. A partial SalI digest of chromosomal PRS3002 DNA was ligated into the SalI site of pUC19, and the ligated material was introduced into E. coli JM109 and subjected to selection for Km r . A selected plasmid, designated pPX9, carried an insert of about 10 kbp and expressed catB but not catA or catC when the host E. coli cells were exposed to IPTG. Nucleotide sequence analysis of the subclone pPX31 revealed that pPX9 contained catR, catB, a portion of catC, and none of catA ( Fig. 2 and 3) .
Cloning of catC and catA. Similar procedures were used to recover a recombinant pUC19 plasmid (pPX7) containing a 25-kbp partial SalI restriction fragment from PRS3003. Exposure of E. coli JM109(pPX7) to IPTG resulted in expression of catC but not catB. Nucleotide sequence analysis of the subclone pPX30 revealed that pPX7 contains all of catC, a portion of catB, and the complete catA structural gene ( Fig. 2 and 3) .
Cloning of catR. The phenotype of PRS3026 (Table 2) suggested that it was blocked in catR, a transcriptional activator gene known to lie near catBC (54) . To prepare a probe for the catR,BC chromosomal region, a SalI digest of DNA from strain PRS3026 was used to obtain DNA containing both Km r from the inserted Tn5 transposon and a portion of chromosomal DNA flanking the site of the transpositional insertion. A SalI digest of DNA from strain PRS3026 was introduced into pUC19 by ligation, and this material was transformed into E. coli JM109 and subjected to selection for both ampicillin resistance and Km r . This procedure yielded a recombinant plasmid (pPX63) containing 2.7 kbp of Tn5 DNA and 0.8 kbp of DNA from the P. putida chromosome (Fig. 2) . a Cells were grown with 10 mM glucose in the presence of 30 mM adipate (a nonmetabolizable inducer that elicits full expression of the cat genes) (35) . Fully induced specific activities, similar to those found in benzoate-grown wild-type cells, were as follows: CatA, 1.0 U/mg of protein; CatB, 0.5 U/mg of protein; and CatC, 2.2 U/mg of protein. Uninduced levels of CatB and CatC were below the limit of detection; uninduced levels of CatA were 4% of the specific activities found in fully induced cells. Ben, benzoate; Pob, p-hydroxybenzoate; MLE, muconate lactonizing enzyme; MI, muconolactone isomerase; CO, catechol 1,2-dioxygenase.
DNA from pPX63 was used as a probe to detect DNA from the catR region of the wild-type P. putida chromosome. A HindIII restriction digest of this DNA was prepared and used to form ligation recombinants containing restriction fragments with the HindIII site of cI within a pUN121 vector (31) . This plasmid contains a tetracycline resistance (Tc r ) gene which is repressed by the cI gene product, and thus insertion of DNA into cI results in expression of the Tc r gene, giving a positive selection for cloned DNA. Screening of 5,000 E. coli JM109 colonies that had expressed Tc r after transformation yielded one strain that hybridized with DNA from pPX63. Restriction mapping of the plasmid (pPX66) from this transformant revealed a 3.4-kbp HindIII insert containing catR. A subcloned 3.0-kbp SalI fragment was inserted into pBR322 to form pPX67 (Fig. 2) , and this plasmid was used for further restriction mapping, hybridization analysis, subcloning, and DNA sequencing.
Complementation of a known mutation in P. putida catR. Earlier genetic analysis had indicated the location of the catR1122 mutation within P. putida PRS2014 (54) . Presence of the wild-type catR gene in pPX66 and pPX67 was confirmed by complementation of catR1122 by restriction fragments carried in these plasmids. The HindIII fragment from pPX66 and the SalI fragment from pPX67 were introduced into the respective HindIII and XhoI sites of pKT230, yielding the recombinant plasmids pPX72 and pPX76 (Table 1 ; Fig. 2 ), which were selected after transformation into E. coli JM109. Mobilization of the plasmids into strain PRS2014 (catR1122) yielded recombinant strains that grew with benzoate. Repeated efforts to obtain the recombinant plasmids from these strains yielded only plasmids that were physically indistinguishable from pKT230. Thus, it appears that recombination removed the wild-type DNA carried in the plasmids as it replaced the chromosomal region containing the mutation. This finding accounts for difficulties repeatedly encountered in efforts to recover wild-type P. putida genes on recombinant plasmids that had been selected on the basis of their ability to complement mutations in the P. putida biotype strain.
DNA sequence analysis of the catR,BC,A cluster. (i) Conserved nucleotide sequences. The nucleotide sequence of the catR,BC,A cluster (Fig. 3) was constructed by analysis of overlapping fragments of cloned DNA (Fig. 2) . Presence of four open reading frames was confirmed by computer analysis weighted to accommodate frequently used codons within the sequence of Pseudomonas genes. Predicted sizes of the translated polypeptide sequences are in agreement with reported molecular weights for CatR from Pseudomonas strain RB1 (40), CatB and CatC from P. putida PRS1 (14, 17) , and CatA from A. calcoaceticus (29) . Identification of the sites of Tn5 insertion ( Fig. 2 and 3 ) confirmed the genotypes that had been inferred on the basis of enzymatic analysis of mutant strains (Table 2) .
Three genes (catR, catB, and catC) from the P. putida biotype strain closely resemble their counterparts from Pseudomonas strain RB1. The identity of the aligned nucleotide sequences for these genes approximates 90% (Fig. 3) . Furthermore, aligned regions between catC and catA reveal only five substitutions over 42 nucleotides (Fig. 3) . Adjustment by removal of a single nucleotide from the published Pseudomonas strain RB1 sequence allows its alignment with the P. putida catA nucleotide sequence, with identity of 90% for the 180 residues known in both sequences (Fig. 3) . The predicted amino acid sequence of P. putida CatA shares 52% amino acid sequence identity with catechol 1,2-dioxygenase from A. calcoaceticus (29) and also resembles the primary structure of other enzymes that share this function (8, 19) . Thus, it is apparent that catA, which is separated from catC by several kilobases in the closely related species A. calcoaceticus and P. aeruginosa, has been selected in a position directly downstream from catC in Pseudomonas strain RB1 and P. putida PRS2000.
(ii) Divergent nucleotide sequences. Extensive divergence has occurred at two locations in the catR,BC,A regions of the two Pseudomonas strains. One location is directly downstream from catR, where similarity of nucleotide sequence ends abruptly (Fig. 3) . The other location is the catB-catC intergenic region, which extends 21 nucleotides in P. putida and 138 nucleotides in Pseudomonas strain RB1. As shown in Fig. 4 and 5, these two locations are marked by the presence of a differently positioned 85-bp element which is in some respects analogous to the repetitive extragenic palindromic (REP) sequences of enteric bacteria (7, 13, 47) .
In other portions of catR,BC,A, base substitutions distinguishing the Pseudomonas strain RB1 and P. putida nucleotide sequences tend to be fairly evenly distributed. An exception to this pattern occurs directly upstream from catB, where a cluster of nine base pair differences (substitutions or single base pair insertions) in the Pseudomonas strain RB1 sequence disrupt a 30-nucleotide stem-loop structure that appears to have been selected in P. putida (Fig. 4) . As described below, primer extension analysis indicates that the stem-loop structure occu- 3 . Nucleotide sequence of the coding strands for the divergently expressed catR,BC,A region from the P. putida biotype strain PRS2000. Deduced amino acid sequences are shown below the corresponding DNA sequences, which are presented in boldface. Also shown in boldface are nucleotides identified by primer extension as transcriptional start sites, which are further defined by ϩ1 and reference to the appropriate gene. The DNA sequences of oligonucleotide primers used for amplification of specific DNA segments are indicated by either single or double lines, with the direction of the primer indicated by its position relative to the catBC,A coding sequence; underlining marks primers extending in the direction of catB transcription, whereas lines above the sequence refer to primers extending in thedirection opposite that of catB transcription. Dotted lines above or below the DNA sequence indicate the structure of synthetic oligonucleotides used for identification of transcriptional starts by primer extension with RNA from induced and unininduced cells. The annotation Tn5 designates sites where insertion of the transposon have been documented in mutant genes. Shown in lowercase above the DNA sequence are nucleotide substitutions and insertions present in the sequence reported for Pseudomonas strain RB1, with P----and ----P used to locate the extremities of the DNA that has been sequenced from this strain (1, 2, 39) . The symbol Ç indicates nucleotides that are absent in the aligned Pseudomonas strain RB1 sequence. This sequence contains a 138-bp insert at the indicated position between catB and catC. pies a position that would allow it to modulate catR,BC transcription in P. putida.
Primer extension analysis. To identify the 5Ј termini of the catR and catBC transcripts, a set of oligonucleotide primers, greater than 30 bp in length, was designed to hybridize specifically with catR-B RNA purified from P. putida PRS2000 cells grown in either the presence or the absence of the inducing growth substrate, benzoate. Reverse transcriptional analysis from these primers revealed that the catR-B promoter/operator region contains an abnormally high degree of secondary structure which resulted in the presence of numerous bands corresponding to points of termination of transcription. This background was not removed by variation in hybridization conditions but was overcome by preincubation of total RNA with 1 M formaldehyde. This treatment, first reported by Lodish (21) , was found to be useful in reducing RNA secondary structure in order to determine its role in regulating translation of bacteriophage f2. In the present case, the pretreatment reduced background and significantly enhanced the relative intensity of the band corresponding to the 5Ј end of the catB transcript elicited by growth of cells under inducing conditions (Fig. 6A) . Use of a primer specific for catB revealed a major band, corresponding to the A at position 1088 of the nucleotide sequence (Fig. 3) , that was formed only by RNA from induced cells (Fig. 6A) . This location for the transcriptional start of catB corresponds to the site determined with Pseudomonas strain RB1. A second band, corresponding to the A at position 1097, also was observed (Fig. 6A) . This band may represent the location of the 5Ј end of an additional transcript or may be due to some partial degradation of catB RNA stalled at the base of the potential stem-loop structure near the 3Ј side of the transcriptional start site (Fig. 5) . This band has no counterpart in Pseudomonas strain RB1 (1), which lacks the nucleotide sequence that would allow for the stem-loop structure in the mRNA.
To determine the 5Ј end of the catR transcript, a primer which hybridized specifically to this gene was used to reverse transcribe total cellular RNA from P. putida PRS2000. Bands corresponding to these transcriptional starts exhibited substantially lower intensity than those produced for catB transcripts in induced cells (Fig. 6) . A catR transcriptional start site was clearly evident (Fig. 6B ) at a location corresponding to A at position 1040 (Fig. 3) ; this position matches the transcriptional start reported for catR in Pseudomonas strain RB1 (40) . Induced P. putida PRS2000 cultures contained an additional band (Fig. 6B) corresponding to the G base at position 1056 (Fig. 3) . This band has no apparent counterpart in Pseudomonas strain RB1 and, in the absence of any discernible secondary structure within this region, may reflect the position of an additional transcriptional start in the P. putida biotype strain.
Dual binding capacity of the catR gene product. Use of a T7-6 expression vector (carrying a lacZЈ multiple cloning site downstream from a phage T7 promoter) (49) permitted overexpression of the cloned catR regulatory gene which had been modified to independence of autoregulation. The resulting catR gene product was partially purified in a manner similar to FIG. 4 . Comparison of the overall organization of cat genes in the P. putida biotype strain PRS2000 and in Pseudomonas strain RB1. The catB and catC genes are separated by 21 bp of DNA in the former strain, whereas 138 bp of DNA lie between the genes in strain RB1. Within this 138-bp region is an 85-bp segment (striped box) that closely resembles DNA lying directly downstream from the end of catR in P. putida biotype strain PRS2000. It is in these two regions that the cat DNAs from the two Pseudomonas strains exhibit extreme sequence divergence (Fig. 3) . Also shown is a potential RNA stem-loop structure near the beginning of the catB transcript in the P. putida biotype strain. Nucleotide base substitutions which are apparently localized within this region in the corresponding transcript from Pseudomonas strain RB1 (1) tend to severely disrupt this structure and are designated in lowercase as bases whose positions in the PRS2000 sequence are indicated by arrows. One kilocalorie ϭ 4.184 kJ.
that described for its counterpart from Pseudomonas strain RB1 (40) . Throughout all stages of purification, the presence of CatR was monitored by its ability to retard mobility of a 286-bp fragment that fully encompasses the catR-B promoter region (covering bases 957 to 1226; Fig. 3 ). Figure 7 demonstrates one such assay, in which the mobility of catR-B promoter fragment was retarded by partially purified CatR protein. Also revealed in Fig. 7 is the ability of a similar amount of CatR to bind specifically to a different DNA fragment containing the catC structural gene. Thus, CatR possesses the ability to bind to two physically separate regions in the catR,BC,A gene cluster. Interactions at one binding site appear to trigger expression of catBC, and it is likely that further analysis of the CatR binding site within the fragment containing catC may reveal specific interactions leading to independent expression of catA.
DISCUSSION
Loss of P. putida DNA inserts from plasmids. Crystalline CatB (14) and CatC (17) were purified from the P. putida biotype strain derivative PRS2000 (24) , and optimal alignment of deduced amino acid sequence with three-dimensional structure demanded determination of the nucleotide sequences of the catBC region from this strain. A seemingly direct approach to cloning catBC was their selection in a broad-host-range plasmid by demanding complementation of a representative of the strain which carries a characterized deletion in catB (54) . Such efforts met with frustration because clones that acquired catB from donor libraries contained only plasmids of the same size as the original vector. An explanation for this finding is that P. putida DNA is lost from the plasmid through recombination when carried in the presence of homologous chromo- FIG. 5 . Potential secondary structures in migratory DNA elements found downstream from catR in the P. putida biotype strain and downstream from catB in Pseudomonas strain RB1. Shaded residues have the potential ability to form a stem-loop structure that is conserved in both sequences. Additional stem-loop structures distinguish the two structures. somal DNA. This interpretation is strengthened by observation of the apparent loss of the DNA inserts from pPX72 and pPX76 after selection for their function in PRS2014 (catR1122).
Evolutionary divergence of the P. putida biotype strain and Pseudomonas strain RB1. Pseudomonas strain RB1 resembles the P. putida biotype strain PRS2000 in the catR,BC,A gene arrangement, which is conserved in the two strains. In contrast, catA is separated by several kilobases from catBC in A. calcoaceticus and P. aeruginosa. Rearrangement of members of the catA and catB gene families is further demonstrated by plasmid-borne chlorocatechol genes clcA (homologous to catA) and clcB (homologous to catB), which are part of the clcABD cluster (10) .
A difference between P. putida PRS2000 and Pseudomonas strain RB1 is indicated by the stability of DNA inserts carrying cat genes from strain RB1 when contained in plasmids replicating in strain PRS2000. This stability could be attributed most simply to nucleotide sequence differences sufficient to deter homologous recombination. Comparison of catR, catB, catC, and the available portion of catA indicates nucleotide sequence divergence of about 10%, with predominately silent base substitutions scattered fairly evenly through the genes (Fig. 3) . This frequency of nucleotide divergence is similar to the frequency of base substitution in the aligned sequences of the respective glpFKX genes from E. coli and Shigella flexneri (50) . Thus, nucleotide sequence divergence in the catR,BC,A in the two Pseudomonas strains is similar to that of the glpFKX region in cell lines that have been accorded different generic status in the enteric bacteria. It is noteworthy that recombination does not present an obstacle to maintenance of plasmidborne S. flexneri glpFKX in the presence of E. coli glpFKX in the chromosome (38, 50) .
Analogs of REP sequences in the Pseudomonas cat region. Dramatic divergence of the glp region in the two genera of enteric bacteria was achieved by two REP sequences (47) which lie between glpK and glpX in the chromosome of S. flexneri but not of E. coli. The REP sequences of the enteric bacteria are members of a conserved family of genetic elements that occur in transcribed, untranslated DNA segments. It is estimated that more than 500 REP sequences are contained in the E. coli genome (7) .
Abrupt divergence of the Pseudomonas catR,BC,A nucleotide sequences in P. putida PRS2000 and Pseudomonas strain RB1 was achieved by insertion of similar palindromic genetic elements at different locations (Fig. 5) . Like the REP sequences of the enteric bacteria, the Pseudomonas palindromic elements are inserted in transcribed, untranslated regions. The Pseudomonas palindromic sequences are 85 bp in length and thus are larger than the REP sequences, which range between 30 and 40 bp. On the other hand, the Pseudomonas palindromic units are smaller than the approximately 125-bp enteric repetitive intergenic consensus (ERIC) sequences (16, 43, 52) that are positioned differently in the lux regions of different luminescent bacteria (25) . The Pseudomonas palindromic sequences bear no discernible sequence similarity to either REP of ERIC sequences, but this is not remarkable given the divergence of these sequences even within the enteric bacteria (7, 16) . The Pseudomonas palindromic sequences may serve functions analogous to those served by REP and ERIC sequences. This possibility could be explored by examination of the distribution of the Pseudomonas palindromic sequences within the chromosome of the P. putida biotype strain and, more generally, among fluorescent Pseudomonas species.
Control of catA expression by catR in the P. putida biotype strain. Insertion of Tn5 into catR blocks induced expression of both catBC and catA in P. putida PRS3026 ( Table 2 ). This evidence strengthens the earlier conclusion, based upon transduction of spontaneous mutants, that catR encodes a transcriptional activator of the cat structural genes (54) . In the present study, a fragment from the mutated gene was used as a probe to recover wild-type catR, and this gene was used to complement the catR1122 mutation used in the original transductional analysis (54) .
The properties of P. putida PRS3003 illustrate that insertion of Tn5 into catB prevents transcription of the downstream catC gene (Table 2 ). This polar effect does not prevent inducible expression of the more distantly downstream catA in strain PRS3003 (Table 2) . Thus, catR exerts pleiotropic effects and can apparently trigger catA expression independently of the control exerted upstream of catB. This inference is strengthened by a demonstration that CatR binds specifically to a DNA fragment containing catC as well as to the catR-B intergenic region (Fig. 7) . If, as these observations suggest, CatR has the ability to activate catA expression in P. putida by binding directly upstream of this gene, a single duplication could account for much of the genetic change required for activation of clcABD by binding of ClcR (homologous with CatR) upstream of clcA (homologous with catA) (6) .
Continuing possibility for interaction between CatR and the clc promoter is indicated by the ability of the P. putida CatR protein to complement a clcR null mutation (23) . Avoidance of transcriptional activation of catBC by ClcR would require divergence of nucleotides that allow activation of catBC by ClcR in P. putida. In this regard, it is noteworthy that the Pseudomonas strain RB1 chromosome contains clustered mutations that disrupt a stem-loop RNA structure that has been selected at the beginning of the catB transcript in P. putida. The absence of this dyad symmetry in RB1, apparently reinforced by discrete sequence changes in this region, suggests that it could provide in P. putida a regulatory function that may be absent in Pseudomonas strain RB1.
Evolutionary divergence of the cat region in fluorescent pseudomonads. The first molecular evidence concerning evolutionary relationships among the fluorescent pseudomonads emerged from an immunological survey with the biotype P. putida as the reference strain (46) . Some anomalies were associated with comparisons of CatC, but in general, serological surveys with enzymes from the ␤-ketoadipate pathway (36, 46) revealed relationships concordant with those discerned from nutritional analysis (45) . Strains that had been assigned to P. putida biotype A produced enzymes that cross-reacted strongly with the reference proteins, whereas less cross-reaction was FIG. 7 . Binding of CatR to separate DNA fragments from the catR,BCA region. Gel retardation demonstrating the specific affinity of 3-g samples of partially purified CatR for either a 286-bp DNA fragment containing the catRcatB intergenic region (lanes 1 and 3) or a 390-bp DNA fragment containing the catC gene (lanes 3 and 4) . observed with isofunctional enzymes from P. aeruginosa, and even less was observed with the corresponding proteins from Pseudomonas fluorescens. Remarkable in their absence were proteins that might have exhibited indeterminate patterns of cross-reaction. This result indicated that horizontal gene transfer had made no significant contribution to the recent evolution of genes for the ␤-ketoadipate pathway and raised the possibility that their genetic divergence was not entirely gradual (36) .
One clearly evident genetic jump has placed catA (known to be several kilobase pairs away from catC in P. aeruginosa [20] ) directly downstream from catC in P. putida. Conserved in both species is the capacity to express catA independently of the other cat structural genes (18, 32) , and in the case of P. putida, this trait seems to demand superimposition of a binding site for CatR upon a DNA segment that encodes catC. The gene arrangement placing catA directly downstream from catC appears in Pseudomonas strain RB1, and by this criterion, the organism might be regarded as similar to P. putida. Yet nucleotide sequence divergence of 10%, accompanied by different placement of an 85-bp palindromic sequence, would argue that the genetic gap between Pseudomonas strain RB1 and P. putida warrants the generic separation accorded E. coli and S. flexneri in the enteric bacteria. Thus, the evolutionary wellspring of Pseudomonas cat genes sharing ancestry with counterparts in the clc (10) and mdl (51) operons is not yet defined.
Tools to sort out biological relationships among catR,BC,A genes of the fluorescent pseudomonads are available. PCR amplification of intergenic cat regions can provide direct evidence for their conservation or divergence. Suitable probes should reveal the biological distribution within the cat region of the 85-bp palindromic sequence that sets Pseudomonas strain RB1 apart from P. putida. Comparison of the distribution of homologs of this sequence within the DNA of related Pseudomonas strains may also indicate the extent to which migration of the palindromic DNA has punctuated their evolutionary divergence.
